e l e g a n s J i a n -W e n Q i u , X i a o T a n g , C h u a n b o Z h e n g , Y a n L i , Y a n l i a n g H u a n g P Copper toxicity is influenced by a variety of environmental factors including dissolved 2 organic matter (DOM). We examined the complexation of copper by fulvic acid (FA), 3 one of the major components of DOM, by measuring the decline in labile copper by 4 anodic stripping voltammetrically (ASV). The data were described using a one-site 5 ligand binding model, with a ligand concentration of 0.19 µ mol site mg -1 C, and a log K' 6 of 6.2. The model was used to predict labile copper concentration in a bioassay 7 designed to quantify the extent to which Cu-FA complexation affected copper toxicity to 8 the larvae of marine polychaete Hydroides elegans. The toxicity data, when expressed 9 as labile copper concentration causing abnormal development, were independent of FA 10 concentration and could be modeled as a logistic function, with a 48-h EC 50 of 58.9 µ g l -1 . 11
However, when the data were expressed as a function of total copper concentration, the 12 toxicity was dependent on FA concentration, with a 48-h EC 50 ranging from 55.6 µ g l -1 in 13 the no-FA control to 137.4 µ g l -1 in the 20 mg l -1 FA treatment. Thus, FA was protective 14 against copper toxicity to the larvae, and such an effect was caused by the reduction in 15 labile copper due to Cu-FA complexation. Our results demonstrate the potential of ASV 16 as a useful tool for predicting metal toxicity to the larvae in coastal environment where 17 DOM plays an important role in complexing metal ions. 18
Introduction 2
Copper is an essential micronutrient for aquatic animals, but can cause toxic effects at 3 elevated concentrations (White & Rainbow, 1985) . Background copper concentration in 4 marine surface water is usually low (0.03 to 0.23 µg/L), but can be very high (> 100 µg/L) 5 in coastal areas severely affected by human activities (Bowen, 1985) . Copper toxicity is 6
influenced by a number of environmental factors, such as salinity, pH, particulate organic 7 matter (POM) and dissolved organic matter (DOM) (Campbell, 1995; Allen & Hansen, 8 1996) . The concentration of DOM in natural water is typically measured as dissolved 9 organic carbon (DOC) (Stevenson, 1982) . Humic substances are the most important 10 components of DOM, which may constitute from 30 to 90% of DOC in the aquatic 11 environment (Thurman, 1985) . Humic substances are biogenic refractory 12 macromolecules with functional groups such as carboxylic, phenolic, alcoholic and 13 amino groups linked in a complex branching pattern (Stevenson, 1982) . These 14 functional groups react with metal ions in the water, and the binding strength to these Hong Kong Baptist University (HKBU) where they were reared in aerated seawater 10 aquaria. The procedures for obtaining gametes and performing artificial fertilization 11 had been described in Qiu & Qian (1997) and Pechenik & Qian (1998) . Fertilized eggs 12
were incubated for 24 h to allow for development into trochophore larvae. Larvae were 13 concentrated using a sieve of 35 µ m pore size, and then transferred into the exposure 14 solution using a micropipette. 15 Two separate bioassays were performed to determine the toxicity of fulvic acid and 16
copper to H. elegans larvae. The preparation of exposure solutions was identical to that 17 in section 2.2. The bioassays were performed in 6-well Iwaki™ polystyrene culture plates. 1
In the first bioassay, the toxicity of FA was examined by exposing the larvae to a series of 2 Moreover, when data for all FA treatments were pooled and the non-linear procedure 1 applied, the 95% C.I. for each fitting parameter was still quite small, and the r 2 was 2 reasonably high (Table 1) (Fig. 3) . The two sets of data showed a good linear correlation, with an 8 r 2 of 0.97. 9
Bioassays 10
In the first bioassay that tested the toxicity of FA to the polychaete larvae, the 11 percentage of abnormal larvae at the end of the 48-h exposure ranged from 3 to 8, and 12 was independent of the FA concentration within the test range (0 to 256 mg l -1 ). Thus, 13
FA itself was not toxic to the larvae under environmental realistic concentrations, and the 14 toxicity of the Cu-FA exposure solution in the second bioassay should not be caused by 15
FA. Without FA in the exposure solution, copper was very toxic to the larvae (Fig. 4) . 16
At 23 µ g l -1 and higher copper concentrations, the percentage of abnormal larvae (19.5) 17 was significantly higher than that of the control (2.5) (P < 0.05). When the dosage data 18 1
The data were fitted to Eq. (2). Because no larvae survived through the end of the 2 bioassay at the two highest copper concentrations, the maximum response of the model 3 was constrained to 100. The minimum response was constrained to > 0, instead of 0, to 4 account for the presence of a small percentage of abnormal larvae in the copper-free 5 control. The fitting parameters are shown in Table 2 and the calculated EC 50 was 55.6 µ g 6 l -1 . 7
With FA in the exposure solution, the toxicity curve was displaced to the right, and the 8 displacement increased with increasing FA concentration (Fig. 4A) . At each FA 9 concentration, the fitting between percentage of abnormal larvae and total copper 10 concentration was quite satisfactory, with an r 2 higher than 0.98 ( Table 2 ). The EC 50 FA treatments using F test showed significant differences (Table 2) . However, when 14 data from all FA treatments were combined and plotted against labile copper 15 concentration (Fig. 4B) , the data could be fitted to Eq (2), with an r 2 of 0.986 and an EC 50 16 of 58.9 µ g l -1 . A comparison between the log EC 50 for all FA treatments and that for the 17 no-FA control by F test showed no significant difference (Table 2) . Another exception occurs where, in the presence of DOM, metal bioavailability is higher 16 than the value predicted by the FIAM (Table 8 in as Lorenzo et al. (2005) showed that, in a marine mussel, water chemistry alone can be 1 used to predict copper accumulated in the gills, but cannot be used to predict copper 2 accumulated in the whole body. Of course, given the few numbers of marine organisms 3 studied, it is premature to generalize whether the FIAM or BLM is only applicable to 4 certain groups of organisms. 5
H. elegans is a serpulid polychaete species commonly found in tropical and subtropical 6 waters. Our recent studies showed that larval development of this species was sensitive for seawater, following the speciation scheme proposed by Florence (1986). In all these 5 studies, ASV concentration was an accurate predictor of the toxicity of copper in the 6 presence of various concentrations of humic substances. In this study, we found copper 7 toxicity to be a function of labile rather than total metal concentrations, and the curve 8 fitting for the pooled data from all of the FA treatments was not significantly different 9 from that for the no-FA treatment. The toxicity of seawater samples containing FA was 10 thus dependent on labile copper rather than total copper concentration. 11
From these data we can conclude that FA is reactive with copper, fulvic acid at 12 environmentally realistic concentrations can have a protective effect on copper toxicity to 13 H. elegans larvae, and such effect can be predicted based on ASV labile copper. This 14 study extends the application of the FIAM in predicting copper toxicity to polychaete 15 larvae in seawater containing FA. It should be noted that the bioassays in this study 16
were conducted under constant salinity and temperature conditions, and the conditional 17 
